Abstract-Palygorskitc fibers growing along fault planes in the outcrops of a large fault zone in SE Spain (Carboneras Fault Zone: CFZ; Serrata de Nijar) were studied by X-ray diffraction, scanning electron microscopy-energy dispersive X-ray analysis, and transmission electron microscopy-analytica1 electron microscopy. The structural formulae, calculated per half unit-cell, is: Si7.9SAlO.OS020(Al I .9 3 Fco.osMg I
INTRODUCTION
The brittle field of deformation in fault zones has been studied extensively from the viewpoint of the mechanical behavior of minerals. However, little has been said in terms of the chem ical processes that lead to mineral formation. For example, it is well known that large brittle shear zones develop intense colors (e.g. red, yellow, green, purple), which are related to significant changes in the mineralogy of the rocks, that are crushed and transformed into fault gouge (e.g. Sibson, 1990; Vrolik and van der Pluijm, 1999) . Clay minerals account for large proportions of the mineral assemblages developed in fault gouges. These minerals have classi cally been studied from the viewpoint of low T-Iow P chemical processes under exogenous conditions (e.g. soil formation). However, the study of hydrothermal mineral deposits, particularly porphyry copper, precious metal epithermal deposits, and geothermal fields during the 1960s and 1970s offered some clues to the role of the hydrothermal solutions that alter volcanic or plutonic complexes (Hem1ey and Jones, 1964; Hemley et al., 1969; Montoya and Hemley, 1975, among others) . Most porphyry copper and epithennal deposits and geothennal fields share one feature in common: they all present argillic or advanced argillic alteration mineral assem blages, including the formation of montmorillonite and! or kaolinite (among others) (e.g. Heald et al., 1987;  * E-mail address of corresponding author: mromero@geo.ucm.es Eaton and Setterfield, 1993, among others) . For exam ple, kaolinite forms in the low-pH environment that triggers the so-called advanced argillic alteration. On the other hand, minerals of the smectite group form under milder pH conditions. All this brings us to the case of palygorskite (attapulgite), a mineral classically related to exogenous processes, although also present in the hydrothermal environment of Mg-rich solutions altering Mg-rich magmatic rocks (basalts, dunites), which has been found associated with fault gouges or hydrothermal veins (Bowles et al., 1971; Haji-Vassiliou and Puffer, 1975; Furbish and Sando, 1976; Gibbs et al., 1993, among others) . However, no discussion on the cause effect relationships between structural setting, deforma tion, hydrothermal fluid circulation, and mineral deposi tion has been provided. Moreover, even though clays are a common component of fault gouge, their genesis and importance in this location are still poorly understood (Vrolik and van der Pluijm, 1999) . Those authors also recognized the fact that the interplay between clay mineral formation and mechanical deformation within fault zones should be regarded as a single integrated process, and that clay gouges actively evolve during faulting. We report here a case of palygorskite formation within secondary faults in a large fault zone in SE Spain ( Figure I ), and provide some clues to help understand mineral deposition within this environment.
MATERIALS AND METHODS
The samples were collected in the Serrata de Nijar (Figure 1 ) near the road that connects the towns of Nijar and San Jose. We selected a highly deformed and Ko .02CaO.13 (Table 1) . This composition corresponds to a low-charged montmorillonite (mean value of 0.44 per half unit-cell), with Ca and Na as major exchangeable cations, and an average of 4.4 octahedral cations per half unit-cell.
The Serrata de Nijar palygorskite shows an XRD pattern corresponding to both the monoclinic and orthorhombic forms of this mineral (Orisholm, 1990 (Orisholm, , 1992 (Figure 5 ). The samples arc composed of very long fibers growing parallel along well defined undulat ing planes. These arc in turn parallel to macroscopic features such as striations in the fault plane from which the sample was collected (Figure 2d , 1997) allows recognition of at least two episodes of fault movement and palygorskitc deposition along fault planes (Figure 2d ), which agrees with the (0) phases (e.g. Chisholm, 1990 Chisholm, , 1992 . Ca: minor peak of calcite. Haji- Vassiliou and Puffer (1975) reported palygorskite and calcite in a hydrothermal vein that had its origin in a nearby malic plutonic body. Furbish and Sando (1976) described palygorskite that fonned by direct precipita tion from hydrothermal solutions related to a pegmatite body intruding dunites. More recently Gibbs et al. released from the mineral (Murphy and Helgeson, 1987) .
Given that the dissolution mechanism for wollastonite is very similar to that of pyroxenes (Murphy and Helgeson, 1987) , we can simpliJY the case in the following way: On the other hand, faults in tectonica11y active regions provide the ideal conduits for transport and deposition of mineral phases, very much like the processes that lead to ore deposition within dilation zones subjected to sudden decompression (Sib son, 1990 ). We must bear in mind that faults are subjected to episodic activity controlled by brittle failure during seismic activity. It is precisely during these events that fluids move along the fault planes, as shown by the seismic pump mechanism of Sibson (1990) . The fluids are pumped up during cavity openings along faults, marking the passage from lithostatic to hydrostatic conditions. The process results in sudden drops in . Figure 6 . Schematic geological model for palygOl'll kite formation in the Serrata de Nijar deformation zone. ReprClICntation of the Serrata de Nijar internal structure corresponds to that expected in a compressional duplex (e.g. Davis and Reynolds, 1996) . <a) Main structural units within the fault zone including brec:: c:: ia and fault gouge zones, suggested hydrothermal s)'II tem, and probable pathwa)'ll for fluid eirculation. (b) Fault behaviorprior to (b 1) andduring rock failure (b2) (e.g. Sibson, 1987) . The fluids are pumped up during c:: avityopening. This marks the pllll sage from Iitholl tatie (in b 1) to hydrostatic conditioIll l (in b2) leading to a sudden drop in pressure (e.g. SibBon, 1990) , which may favor mineral deposition. The suggested model involves ongoing hydrothermalleac:: hing of Mg2+ and other catioIll l from the volcanic:: rocks, and the introduction with the fluids into the recently opened cavity (b2), where mineral deposition would take plac:: e.
pressure, which may lead to chemical disequilibrium and mineral deposition. Evidence supporting the episodic brittle failure in the studied faults is provided by the analysis of kinematic indicators in the palygorskite veins, which indicate at least two episodes of faulting (Figure 2d ). Additional evidence is provided by the relatively small degree of deformation presented by the palygorskite fibers. For example, Vrolik and van der Pluijm (1999) reported folding in the clay gouges of faults: if the minerals are synkinematic, then it follows that they must be strongly affected by the deformation process. On the contrary, if the minerals form along dilational cavities, deformation can be kept to a minimum as in the present case. In fact, we only observe an incipient development of foliation planes along the palygorskite vein, which indicates that some flattening also occurred within the fault plane (Figure 2e ).
Although we cann ot fully quantify our suggested hydrothermal process for the Serrata de Nijar case, we may nevertheless constrain the geological conditions of the system ( Figure 6 ). As shown by the stability conditions for palygorskite (Imai and Otsuka, 1984) , this mineral is stable below a temperature range of 220-27S"C (P '" 24.5 MPa). Above these temperatures, palygorskite transforms into trioctahedral smectite. These P-T conditions are easily met within the upper most -3 km of shear zones (hydrostatic pressure), where incohesive gouge and breccia account for most of the fault rocks (Sibson, 1990) (Figure 6 ).
CONCLUSIONS
The Serrata de Ni jara is a highly fractured realm comprising fault rocks (tectonic breccias and fault gouge) which, as shown by field and laboratory studies, underwent hydrothermal alteration. Wc suggest that a combination of active magmatism and faulting may have led to widespread fluid circulation along fault planes and fault zones, hydrothermally altering the tectonically disrupted volcanic rock units (andesites). Wc further suggest that Mg-rich fluids originating from the hydro thermal alteration of the volcanic rocks may have played a crucial role in the deposition of palygorskite along fault planes, during brittle rock failure and cavity openings. This process would be ma.rked by the passage from lithostatic to hydrostatic conditions and a sudden drop in pressure, thus favoring mineral deposition within the opened cavities. As shown by the structural analysis of fault inIdlings, both deformation and fluid circulation were episodic processes.
